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EXECUTIVE SUMMARY

The inhalation of asbestos fibers including amosite,
ghrysotile, and crocidolite has been associated with the
development of lung cancer, mesothelioma, pulmonary fibrosis and
other nonmalignant pleural diseases in humans. Because the
pathogenic effects of asbestos are attributed, in general, to its
fibrous nature, human health concern extends to the use of other
fibrous substances. This document assesses the health effects of
nine non-asbestos fibers and attempts to determine the nature and
magnitude of the health hazard as compared to asbestos. The
fibers chosen for investigation were selected for one or more of
the following reasons: a) they are commercially important; b)
they are considered potential asbestos substitutes; c) they
represent fiber types with broadly different physical and
chemical characteristics; and, d) health data are available on
them. The fibers evaluated in this report include fibrous glass,
mineral wool, ceramic fibers, erionite, wollastonite,
attapulgite, aramid fibers, carbon fibers, and polyolefin fibers.

Available data suggest some similarities in the health
effects of asbestos and some nonasbestos fibers but the degree of
the health effects may differ substantially among fiber types.
The differences in the biological activity may be associated with
the specific characteristics of each fiber type including fiber
morphology, size distribution, chemical constitution, surface
properties and durability.

A basic property which allows a fiber's potential toxicity to
be expressed is its respirability, i.e., its ability to penetrate

into the smaller conducting airways of the tracheobronchilar tree



and the alveolar region of the lung. It is clear that fiber
diameter is the most important factor in determinig the
respirability of the fiber. Fiber length and morphology also
affect the respirability of the fiber but to a lesser extent.
Also, it would appear that the fiber needs to be retained and
persist in the tissue in order to cause toxicity. Fiber length
is an important determinant of fiber retention, with shorter
fibers being cleared more readily. Fiber retention is also
determined by the biological solubility of fibers which is
directly related to their chemical composition and physical
characteristics.

To date, the exact role of various fiber properties in
relation to biological activity and pathogenicity is not clearly
understood. It is clear, however, that different types of fibers
with similar size properties (e.g. erionite and asbestos) could
have very different biological activity, although there is
increasing evidence suggesting that for a given fiber type, fiber
size is an important factor, i.e., the thinner and longer the
fiber, the more hazardous it is. Additional research is
necessary to examine further the importance of fiber properties
in mediating the induction of disease and investigate the
mechanisms by which fibrous materials cause disease.

It is difficult to definitively assess the relative
biological activity and pathogenicity of nonasbestos fibers in
comparison to asbestos because of limited data basesf Major
limitations include a lack of comparable dose-response data as
well as information available on the characteristics of the

tested fibers, particularly, fiber morphology and size



distribution and the number of fibers in. each size category.
However, on the basis of available information, it may be
concluded at this time that with the possible exception of
erionite, the other eight fibers reviewed in this report do not
pose a health hazard of similar magnitude as asbestos.
Additional studies are needed to conclusively determine the
health effects of each fiber type. Erionite, which may be more
hazardous than asbestos, is not a major concern because of its
limited production and use.

A summary of the hazard assessment of the oncogenic and
fibrogenic effects of these fibers, and the testing
recommendation(s) to fill data gaps for each fiber is presented
in the following sections. The assessment of the potential for
carcinogenicity of fibers in humans is based on the current U.S.
EPA classification system for categorizing the overall weight-of-
evidence as determined from human, animal and other suppor®ing
data (USEPA, 1986).

Inhalation is the major route of exposure to fibers and
exposure via this route of administration has been shown to cause
cancer in humans in the case with asbestos. Hence, it would seem
most relevant to use the inhalation route for the animal testing
of fiber carcinogenicity. Positive results from inhalation
studies in animals would be interpreted to have significant
implications for potential hazard in the human since asbestos has
also been found to induce tumors in animals following inhalation
exposure. The major pathogenic effects associated with the
inhalation of asbestos in humans including lung fibrosis, lung

cancer and mesothelioma have been replicated in rodents exposed



to asbestos by inhalation. There are, however, shortcomings of
inhalation studies. One reason is that fiber deposition and
retention in rodents are considerably different from those in
humans. Rodents, being obligatory nose breathers, have a greater
filtering capacity than humans resulting in a lower alveolar
deposition of fibers in rodents. As a result, inhalation tests
in rodents may underestimate the hazard potential of fibers to
humans unless it is clear that the number of fibers reaching the
target tissues are comparable to the positive control.
Experimental procedures other than inhalation exposure
testing have been developed which attempt to accommodate for
these species differences and to achieve comparable target organ
doses. However, they do have their disadvantages. In these
studies, the test fibef is artificially introduced in large
"bolus" dose(s) directly into the target tissue such as the
mesothelium as in the cases with intraperitoneal and intrapleural
administrations, or near major targets including the lung and
pleural mesothelium in the case of intratracheal instillation.
Caution must be excercised in extrapolating the findings from
 parental administration studies in animals to humans, since the
results from such studies may not be predictive of inhalational
hazard. Injection studies bypass the normal physiological
deposition and clearance mechanisms and lead to non-random
accumulations of test substances at the site of deposition.
Thus, respirability characteristics, which are routinely taken
into account in an inhalation study, are not operative following
injection. Nevertheless, injection studies are of value by

providing useful information regarding the intrinsic biological



activity of the test fiber under conditions where the material is

in direct contact with the cells at risk.,.

1. Fibrous Glass

There is no evidence in available epidemiologic studies that
peritoneal or pleural mesotheliomas are associated with
occupational exposure to man-made mineral fibers (fibrous glass
and mineral wool). With regard to the respiratory cancer risk,
there was no excess of such cancers among continuous glass
filament workers in either the U.S. or Europe. For glass wool
production workers, there was no significant increase in
mortality from respiratory cancer (or lung cancer) compared with
regional rates in either the U.S. or European cohorts, though
there were statisticaliy significant small increases compared
with national rates in the U.S. study. In both investigations,
mortality from respiratory cancer increased nonsignificantly with
time from first exposure. However, it was not related to the
duration of employment or cumulative fiber exposure in the U.S.
study. Also, in the European study, it was not related to the
duration of exposure or to different technological phases
reflecting differences in the intensity and quality of
exposure. A lack of dose-related trends might be due in part to
the very low exposure experienced by the cohorts.

Among glass wool workers in the U.S. cohort who were ever
exposed to small diameter fibers (<3.0 Pm), there was a
‘nonsignificant excess of respiratory cancer mortality which
increased nonsignificantly with time since first exposure,

compared to those who had never been exposed. A third study



reported a statistically significant increase of lung cancer
mortality among Canadian glass wool workers, but this was not
related to the time since first exposure nor to the duration of
exposure.

On the basis of available information, the evidence for
carcinogenicity of small diameter glass fibers, glass wool and
glass filament from studies in humans is considered inadequate.
Still, the epidemiologic findings seem to suggest that workers
engaged in the manufacture of glass wool and small diameter
fibers might be at increased risk of developing respiratory
cancer; additional studies are necessary to clarify the health
effects of fibrous glass in humans.

A number of long-term inhalation studies have not provided
evidence of lung tumor or mesothelioma in several animal species
exposed to glasswool (typically 3—10‘Fm in diameter), fine fiber-
glass (1-3 pm in diameter) or to very fine fibrous glass (also
known as glass microfibers; <1 pm in diameter). Shortcomings of
these investigations include the use of small numbers of animals,
relatively short fibers, low numerical concentrations of fibers,
limited study duration, and/or inadequate positive control. In
contrast to the inhalation studies, many animal studies involving
the intrapleural injection/impléntation, or intraperitoneal
injection of fine glass fibers or glass microfibers consistently
demonstrate that these fibers are capable of producing
mesothelioma in rats, hamsters, and mice when they are introduced
directly into the body cavity. Glass wool has also been shown to
produce low incidences of pleural tumors in a few intrapleural

implantation/injection studies in rats. In addition, an



increased incidence of both lu;g tumors and pleural mesothelioma
has been reported in one study following intratracheal
administration of glass microfibers to hamsters; this indicates
that under certain conditions, glass fibers can pass through the
lung and incite reactions in the pleura. 1In another intratra-
cheal instillation study, glass microfibers also caused lung
tumors in the rat. However, several other intratracheal
instillation studies in hamsters and rats have not reported tumor
formation with glass wool, fine glass fibers or glass
microfibers.

In the absence of positive findings from available
inhalation studies, the evidence for human carcinogenicity of
very fine and fine fibrous glass and glass wool from animal
studies is considered.limited because only non-physiological
routes of administration are associated with carcinogenic
findings. However, the repeated observation of tumors following
these administrations do indicate the biological activity of the
test fibers when deposited in high enough quantity at or near the
target tissue. The animal data are supported by positive
findings from a few genotoxicity studies which indicate that fine
fiberglass and glass microfibers cause similar weak genotoxic
effects (clastogenicity and cell transformation) generally seen
with asbestos. Thus, considering all available data (human,
animal and supporting evidence), the Office of Toxic Substances
(OTS) of the U.S. Environmental Protection Agency (USEPA)
proposes to classify fine and very fine fibrous glass and glass
wool in-Category C, i.e., possible human carcinogen, mainly based

on inadequate evidence of carcinogenicity in humans and



limited evidence in animals. Others might interpret the same
information as supporting a B2 (probable human carcinogen)
designation, mainly because they think the animal injection
studies should be afforded more weight. Irrespective of these
differences in classification, all would'agree that the existing
evidence supporting a human carcinogen hazard for fibrous glass
is much less convincing than for asbestos.

As for the continuous glass filament (nominal diameters of
6-15 Pm), there is inadequate evidence of carcinogenicity in lab-
oratory animals. The results of a few available intrapleural
implantation studies showed that large diameter glass fibers did
not induce mesothelioma in rats. Glass filament is therefore not
classifiable as to human carcinogenicity on the basis of
inadequate evidence of carcinogenicity in humans and animals
(Category D).

There does not appear to be any convincing evidence for
increased risks of non-malignant respiratory disease (NMRD) among
fibrous glass workers. In the European study, there was no
excess mortality from NMRD in the continuous glass filament or
glass wool cohort, nor was there a trend with time since first
exposure or duration of employment. Similarly, in the U.S.
study, no significant excess of NMRD mortality was found among
glass filament workers compared with either local or national
rates. For U.S. glass wool workers, there was no significant
increase in NMRD mortality based on local rates though there was
a statistically significant excess compared with national
rates. Further analyses of NMRD mortality showed no apparent

dose-related trends. Among glass wool workers ever exposed to



small diameter fibers, no excess of NMRD mortality was observed
but there was a nonsignificant increase with time since first
exposure. The results of a respiratory morbidity study showed
some evidence of radiographic opacities in the lung of a limited
number of fibrous glass workers but there was no evidence of
pulmonary fibrosis, no increase in respiratory symptoms and no
impaired lung function.

Long-term inhalation studies have not provided definitive
evidence for the development of lung fibrosis in laboratory
animals exposed to fine glass fibers or glass wool. However, the
positive findings from several injection studies in animals and
in vitro cytotoxicity studies indicate that fine and very fine
fiberglass may be fibrogenic.

Overall, it may be concluded that a possible health hazard
exists from inhalation exposure to fine and very fine fibrous
glass, i.e., fibers with diameters consistently below 3
microns. A low health concern is also raised for exposure to
glass wool which does contain some respirable fine fibers. As
for continous glass filaments which are generally nonrespirable,
they would appear to pose little or no hazard to exposed -
humans. On the basis of available experimental data, it is
concluded that fibrous glass appears to be less pathogenic than
asbestos. Although the fibrogenicity and oncogenicity of fine
fibrous glass and glass wool have been extensively investigated,
none of the available inhalation studies are considered
adequate. Furthermore, since considerable data gaps still exist,
particularly a lack of comparative dose-response effects with

gbestos, additional inhalation/injection studies would be
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useful. It also appears necessary to conduct additional
epidemiological studies to conclusively determine the health

hazard potential of fibrous glass in humans.

2. Mineral Wool

Small excesses of mortality due to respiratory cancer have
been observed among rock wool/slag wool workers in the U.S. and
in Europe. In the U.S. study, the excess of respiratory cancer
mortality was statistically significant when compared to both
local and national rates. There was no clear trend with time
since first exposure and there was no relationship with duration
of exposure, cumulative fiber exposure or average intensity of
exposure. The results of a nested case-control study using cases
from the U.S. cohort showed a weak but positive trend between
mineral wool exposure and respiratory cancer when confounding by
cigarette smoking was considered.

In the European study, the lung cancer excess found among
rock wool/slag wool workers was not statistically significant
compared with either local or national mortality rates. There
was also a statistically nonsignificant increased mortality with
time since first exposure but there was no relationship between
lung cancer mortality and duration of exposure. The highest and
statistically significant lung cancer rates wére found among
workers after more than 20 years first exposed in the early
technological phases, during which fiber airborne levels were
presumably higher than in later production phases. The presence
of workplace contaminants such as bitumen, pitch or asbestos

could not explain the observed lung cancer excess.
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Overall, the available epidemiological findings suggest that
mineral wool workers are at increased risk of respiratory
cancer. The evidence for mineral wool as an etiological agent
includes the consistent elevated risk observed-in several rock
wool/slag wool facilities, and the higher cancer risks found.
among workers who had twenty or more years elapse since first
exposure. The evidence not supporting an etiological
relationship is the lack of a consistent dose-response trend.
This might be due in part to the low levels of fiber exposure and
the potential exposure misclassification. On the basis of
available information, the evidence for carcinogenicity of
mineral wool from epidemiological studies is considered limited.

The results of three limited long-term studies showed that
mineral wool did not produce tumors in rats or hamsters when
administered by inhalation. However, mineral wool has been shown
in a few studies to induce varying tumor yields in rats via
either the intrapleural (pleural mesothelioma) or intraperitoneal
route (peritoneal mesothelioma) of exposure. Overall, the
experimental evidence for the carcinogenic potential of mineral
wool is considered to be limited. Thus, OTS is proposing to
classify mineral wool as a probable humén carcinogen (Category
Bl) on the basis of limited evidence of carcinogenicity from
epidemiological studies and limited evidence from animal
studies. There is no genotoxicity information available on
mineral wool.

There is inadequate epidemiological evidence for an
association between the development of non-malignant respiratory

diseases (NMRD) and exposure to mineral wool. No increased
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mortality from NMRD was found for the European rock wool/slag
wool workers. In the U.S. study, a statistically nonsignificant
excess of NMRD mortality was observed among mineral wool workers
based on local or national rates. However, there was no
relationship with time since first exposure, duration of
exposure, average intensity of exposure, or estimated cumulative
level of exposure. Furthermore, the results of a respiratory
morbidity study in the U.S. showed no evidence for impaired lung
functions or radiographic lung abnormalities associated with
mineral wool exposure.

There is little experimental evidence for the fibrogenicity
of mineral wool. Mineral wool was not found to cause lung
fibrosis in three long-term inhalation studies but focal fibrosis
was reported in a very'limited inhalation study involving only
two rats. The results of two in vitro studies showed that
mineral wool was cytotoxic in cells in culture. In view of these
findings, concerns for possible development of pulmonary fibrosis
associated with mineral wool exposure cannot be entirely ruled
out at this time.

Based on the limited data base in animals, mineral wool
appears to be less biologically active and less pathogenic than
asbestos fibers. It is concluded at this time that mineral wool
fibers may present a health hazard to exposed humans but not to
the same hagnitude as asbestos. Since the pathogenic effects of
mineral wool have not been adequately characterized, additional

epidemiological studies and animal testing are needed.
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3. Ceramic Fibers

There are no studies available on the potential health
effects from exposure to ceramic fibers in humans. The
pathogenicity of ceramic fibers in laboratory animals appears to
vary considerably for different fiber types which may be a
function of variation in fiber size distribution.

An increased incidence of lung tumors have been observed
after chronic inhalation exposure to ceramic aluminum silicate
glass in one study using rats. Another inhalation study produced
no tumors in rats, but one mesothelioma in a hamster. An
intratracheal instillation study conducted by the same laboratory
showed no tumor induction with refractory aluminum silicate
fibers. However, these fibers have been shown in several long-
term studies to cause mesothelioma in rats and hamsters by
intrapleural or intraperitoneal injection. Based on the
sufficient evidence of carcinogenicity in animals in multiple
experiments with different routes of administration, but in the
absence of human data, OTS proposes to classify ceramic aluminum
silicate fiber as a probable human carcinogen (Category B2).

The experimental evidence of fibrogenicity of ceramic
aluminum silicate fibers is limited. The positive results of a
chronic inhalation study suggest that long-term inhalation of
ceramic aluminum silicate glass may produce mild interstitial
lung fibrosis in humans. This finding is further supported by
positive findings from an in vitro cytotoxicity study of ceramic

aluminum silicate glass.
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In view of available findings and since ceramic aluminum
silicate fibers are respirable and durable, it may be concluded
that this ceramic fiber type may present a health hazard to the
exposed humans. Because of the variable results from available
in vivo and in vitro studies on ceramic aluminum silicate, its
relative pathogenicity in comparison to asbestos cannot yet be
made at this time. In order to further evaluate the health
effects of ceramic aluminum silicate fibers, it is recommended
that epidemiological studies of exposed workers be initiated. No
additional animal tests are recommended at this time since a
large-scale animal study by various routes of exposure is
currently being conducted at a private laboratory.

Available animal studies have not provided evidence of the
carcinogenicity and fibrogenicity for refractory alumina oxide
and zirconia oxide fibers. It has been shown in several studies
that these fibers did not produce tumors nor fibrosis in rats via
chronic inhalation exposure or by intracavitary injection. The
lack of experimental pathogenic effects of these fibers may be
attributable to the test fibers being largely nonrespirable.
Similarly, the cytotoxicity of these fibers in rat peritoneal
macrophages is low. These refractory fibers are therefore not
classifiable as to human carcinogenicity (Category D) on the
basis of inadequate evidence of carcinogenicity in animal studies
and in the absence of human data. Based on available findings,
it would appear that refractory alumina and zirconia fibrous
products containing mostly nonrespirable fibers would not pose

significant health hazard in exposed humans.
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4. Erionite

Available epidemiological data show that populations from
South Centfal Turkey have an excessive incidence of malignant
pleural mesothelioma and nonmalignant pleural diseases (chronic
pleurisy fibrosis, pleural thickening and pleural plaques). The
etiology of these diseases is uncertain but there is limited
evidence to indicate that erionite fibers may be the major
etiological factor. All of the experimental studies conducted to
date have confirmed that erionite from Turkey and deposits in the
U.S. causes a significant increase in malignant meseothelioma in
animals by several routes of exposure including inhalation.
Animal data are also supported by findings that erionite is
genotoxic, in causing DNA damage and repair and inducing cell
transformation in culture. Thus, OTS is proposing to classify
erionite as a probable human carcinogen (Category Bl) on the
basis of limited evidence of carcinogenicity from studies in
humans and sufficient evidence of carcinogenicity from animal
studies.

There is no information available on the ability of erionite
to induce fibrotic diseases in animals by inhalation. However,
erionite has been shown to cause fibrogenic effects in animals by
the injection method. Furthermore, available in vitro studies
demonstrate that erionite is hemolytic and highly cytotoxic.
Thus, it is concluded that erionite is potentially fibrogenic in
view of the limited evidence from epidemiological studies and
limited evidence from experimental studies.

Overall, there is sufficient evidence to conclude that

_erionite potentially poses a significant health hazard to exposed
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humans. However, if practical, additional epidemiological
studies should be conducted to further evaluate the association
between erionite environmental exposure and development of
malignant and nonmalignant respiratory diseases. Since the
toxicological profile of erionite has been adequately
characterized in animals, no further testing is recommended.
Based on the available experimental data, erionite appears to be

at least as hazardous as asbestos.

5. Wollastonite

None of the available epidemiological studies were designed
to assess the risk of lung cancer or mesothelioma associated with
wollastonite exposure. One case of mesothelioma has been
reported in a worker who had been exposed to wollastonite, but no
cause and effect relationship can be drawn based on a single case
report. Preliminary information on an inhalation oncogenicity
study of wollastonite in rats indicates the lack of a tumorigenic
response. The results of an intrapleural implantation study
showed that wollastonite was weakly tumorigenic in rats; whereas,
in another long-term study in rats, wollastonite caused no tumors
when injected into the peritoneal cavity. Thus, based on limited
evidence of carcinogenicity in animals and inadequate human data,
OTS is proposing to classify wollastonite as a possible human
carcinogen (Category C). No other supporting evidence (e.g.,
genotoxicity data) of oncogenicity is available.

Available data are inadequate to evaluate the fibrogenic
potential of wollastonite. A preliminary report of an NTP

bioassay indicates no evidence of pulmonary fibrosis in rats



17

following chronic inhalation of wollastonite but data are not yet
available for a full evaluation. Available epidemiological
studies indicate a possible association between wollastonite
exposure and some nonmalignant diseases such as impaired
ventilatory capacity, mild fibrosis of the’lung, pleural
thickening and chronic bronchitis. However, because of a number
of limitations, they do not provide convincing evidence of a
causal relationship of nonmalignant respiratory diseases and
wollastonite exposure. Nevertheless, these epidemiological
findings do raise a health concern, particularly in view of
positive results from in vitro cytotoxicity assays which are
thought to be indicative of fibrogenic activity.

Overall, there is some evidence supporting a concern for a
possible health hazard from exposure to wollastonite. However,
it would appear that wollastonite is probably less hazardous than
asbestos since available experimental data indicate that
wollastonite is much less biologically active than asbestos. 1In
order to fully assess the health effects of wollastonite, it is
necessary to seek additional epidemiological studies and to fully
evaluate the results of an inhalation biocassay recently completed

by the National Toxicology Program.

6. Attapulgite

There is inadequate evidence of carcinogenicity of short-
fibered attapulgite from available studies in humans. The
results of a single small cohort study in the U.S. showed an
excess of lung cancer among some groups of attaéulgite workers.

However, due to several limitations, this study did not provide
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convincing evidence of a fiber etiology. Several experimental
studies showed that short attapulgite fibers (<2‘Fm) in
commercial use from the U.S., France, and Spain did not produce
mesothelioma in rats by the intrapleural or intraperitoneal
route. In addition, short attapulgite fibers from Spain did not
induce tumors in rats following prolonged inhalation exposure.
There is also no evidence of carcinogenicity in mice following
life-time feeding with short-fibered attapulgite. These data are
supported by negative findings from a single genotoxicity study
on short attapulgite fibers. Short-fibered attapulgite is,
therefore, not classifiable as to human carcinogenicity (Category
D) on the basis of inadequate evidence of carcinogenicity from
epidemiological and animal data.

In contrast, attapulgite samples from other geographical
locations (e.g. Spain, U.K.) which contain considerable numbers
of long fibers (>5 Pm) have been shown to be tumorigenic in rats,
causing the induction of lung tumors and mesotheliomas by inhala-
tion, as well as pleural mesothelioma following intrapleural
injection and abdominal tumors via the intraperitoneal route.
Therefore, based on sufficient evidence of carcinogenicity in
animals but in the absence of human daté, OTS is proposing to
classify long-fibered attapulgite as a probable human carcinogen
(Category B2).

Available data have not provided evidence of fibrogenic
effects for short-fibered attapulgite. The results of three
studies in humans provide inadequate evidence of the development
of nonmalignant respiratory diseases associated with exposure to

short-fibered American attapulgite. The results of a long-term



19

animal study showed that short attapulgite fibers from Spain did
not induce lung fibrosis in rats via inhalation. Morever, none
of the available injection studies with short-fibered attapulgite
from various geographical locations have reported any fibrotic
lesions in treated rats. However, positive findings of several
in vitro cytotoxicity studies suggest a possible fibrogenic
concern for short-fibered attapulgite. In contrast, based on the
positive results of a chronic inhalation study in rats with long-
fibered attapulgite, it is concluded that attapulgite samples
containing long fibers (>5 pm long) may induce lung fibrosis in
humans.

In view of available findings, it would appear that the
toxicological properties of attapulgite may depend on fiber
length. Overall, there is insufficient evidence to support a
health concern for short-fibered attapulgite in commercial use in
the U.S. However, because these fibers are highly respirable,
and appear to be biologically active in in vitro, adverse health
effects remain a possibility. On the other hand, there is a
reasonable basis to support a health concern for long-fibered
attapulgite. Available animal data are not sufficient to allow a
definitive assessment on the relative péthogenicity of long-
fibered attapulgite compared to asbestos. However, since these
fibers are not widely available for commercial use, they are not
expected to pose significant health risks to humans. 1In order to
fully assess the health effects of short-fibered American
attapulgite, it is necessary to obtain additional epidemiological

data and to conduct long-term inhalation studies in animals.
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7. Aramid Fibers

There is no information available on the health effects of
para-aramid fibers in humans. 1In the female rat, long-term
inhalation of ultrafine para-aramid (Kevlar®) fibrils cé;sed a
dose-related production of lung tumors. Although there are no
oncogenicity data on ultrafine para-aramid in animals via the
intracavitary route, weak tumorigenic responses were observed in
rats in two intraperitoneal injection studies with Kevlar® fiber
and pulp containing a considerable number of fine fibrils. Thus,
based on the sufficient evidence of the carcinogenicity in
animals but in the absence of human data, OTS is proposing to
classify ultrafine para-aramid as a probable human carcinogen
(Category B2). There is no genotoxicity information available on
ultrafine para-aramid.

Data from the same chronic inhalation study also indicate
that ultrafine para-aramid (Kevlar®) is weakly fibrogenic in
rats. The positive findings from an in vitro cytotoxicity study
on short, thin Kevlar® fibers further support the concern for the
fibrogenic potential of ultrafine para-aramid.

In view of these findings, it may be concluded that
ultrafine para-aramid is potentially pafhogenic. This fibrous
material, however, does not pose a health risk to humans because
it is not available in commerce. Available data, however, are
not sufficient to provide definitive assessment on the
comparative pathogenicity of ultrafine para-aramid to asbestos.

The positive results of two intraperitbneal injection
studies in rats indicate that para-aramid pulps or fibers may

have a low carcinogenic and fibrogenic potential. Thus, based on
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the limited evidence of carcinogenicity in animals and in the
absence of human data, OTS proposes to classify commercial grade
para-aramid as a possible human carcinogen (Category C). Because
of the generally nonrespirable characterisé&c of commercial grade
para-aramid fiber and pulp, it would appear that the hazard
potential of para-aramid is probably much lower than that of
asbestos. However, it should be pointed out that since small
numbers of para-aramid fibrils can result from peeling off the
para-aramid fiber matrix and may become airborne, a possible
health hazard may exist for exposure to para-aramid, particularly
to the pulp form. 1In order to further assess the potential
health effects of para-aramid, additional animal testing is
recommended.

There are insufficient data to assess the health effects of
Nomex® aramid fibers. Nomex® is not classifiable as to human
carcinogenicity because of lack of data in humans and animals
(Category D). Based on the fact that no effects were observed in
a single long-term intratracheal instillation study in the rat,
and that Nomex® is nonrespirable, it would appear that Nomex®
poses no significant health hazard to humans. Because of a low
healﬁh concern, no additional animal teéting is recommended for

Nomex®.

8. Carbon Fibers

There is no information available on the potential
development of respiratory neoplasms in humans from exposure to
carbon fibers. Furthermore, no data are available on the

oncogenicity of carbon fibers in animals by inhalation. However,
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carbon fibers were not found to induce tumors in rats following
intratracheal instillation, intraperitoneal injection, or
intramuscular implantation. The only studies that reported
positive results were those from a subcutaneous study in which an
increased production of local sarcomas was found in rats, and
from a dermal bioassay demonstrating that benzene extracts of
pitch-based carbon fibers were weakly oncogenic in mice.
However, because there was no information available on the
characteristics of the test materials, particularly particle size
and morphology, the significance of these findings is question-
able and the overall experimental evidence of carcinogenicity is
considered to be inadequate. Carbon fibers are, therefore, not
classifiable as to human carcinogenicity (Category D) on the
basis of inadequate eVidehce from animal studies and in the
absence of human data. The oncogenic potential of carbon fibers,
however, is supported by available genotoxicity data which
indicate that benzene extracts of pitch-based carbon fibers are
clastogenic and induce DNA damage and repair. On the other hand,
the evidence of clastogenicity of benzene extracts of
polyacrylonitrile (PAN)-based carbon fibers is only suggestive.
There is inadequate evidence of fibrogenicity for carbon
fibers. A small cross-sectional study conducted to date showed
no evidence of pathological effects in the lungs of workers in a
PAN-based carbon fiber production plant. With regard to
experimental studies, there is no information available on the
long-term inhalation toxicity of carbon fibers in animals. With
the exception of one study which reported in an abstract that

polyacrylonitrile (PAN)-based carbon fibers induced lung fibrosis
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in rats via intratracheal instillation, several other animal
studies showed that carbon fibers did not induce fibrosis in
laboratory animals following subchronic inhalation exposure,
intratracheal instlllation, or intraperitoneal injection. Most
of these studies, however, are of little value for the evaluation
of the fibrogenic potential of carbon fibers because of limited
scope, lack of particle size and morphology data of the test
materials, and/or lack of details available on study design and
findings. Furthermore, both negative and positive findings have
been reported regarding the in vitro cytotoxicity of carbon
fibers.

Although currently available data are insufficient to
evaluate the potential health effecﬁs of carbon fibers, the data
taken together suggest that carbon fibers do not appear to
present a serious health hazard. Nevertheless, the marginally
positive tumorigenic effects in a dermal study and the positive
clastogenic effects in genotoxicity tests induced by pitch-based
carbon fibers, suggest that a weak oncogenic potential for
certain types of carbon fibers may exist. Because carbon fibers
are much less respirable and less biologically active than
asbestos, it would appear that they pose a lower degree of health
hazard compared to asbestos. 1In order to further assess the
health hazard of carbon fibers, it is necessary to seek results
of an inhalation study now conducted at a private laboratory.
Since the endpoint of this study is fibrosis, it is further
recommended that a chronic animal study capable of detecting
oncogenic effects be conducted if carbon fibers of respirable

size enter the marketplace.
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9. Polyolefin Fibers

There are no available epidemiological studies which examine
the pgtential oncogenic effect of polyolefin fibers. Further-
more, there are no data available on the oncogenicity of poly-
olefin fibers in animals by inhalation. The results of an intra-
tracheal insufflation study showed that both polyethylene and
polypropylene fibers did not induce tumors in rats. However, the
lack of information on the characteristics of the fibers, the
dosages, and the specific methods of administration precludes any
definitive assessment of the oncogenicity of these fibers under
the conditions of the study. 1In a long-term intraperitoneal
injecﬁion study in rats, polypropylene fibers were found to be
weakly oncogenic. These results were only preliminary and a full
evaluation cannot be made at this time. Therefore, polyolefin
fibers are not classifiable as to human carcinogenicity (Category
D) on the basis of inadequate evidence of carcinogenicity in
animals and no human data.

No epidemiological studies have been conducted to determine
the nonmalignant respiratory effects in humans from exposure to
polyolefin fibers. There is no information available on the
long-term inhalation toxicity of polyolefin fibers in animals.
Available animal injection studies have provided inconclusive
results. Polyethylene and polypropylene fibers did not induce
fibrosis in rats in a long-term intratracheal insufflation study
and in a short~term intraperitoneal injection study. These
results are supported by the finding from a single in vitro study
that polyethylene and polypropylene dusts exhibited very low

cytotoxicity. However, the lack of information on the
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characteristics of the test materials makes it difficult to draw
any definitive conclusion on the fibrogenic potential of this
fiber category. On the other hand, preliminary results of a
long-term intraperitoneal injection study in rats with thin, long
polypropylene fibers showed a strong degree of adhesions of the
abdominal organs. However, in the absence of histological data,
a full evaluation of this study cannot be made at this time.
Overall, available data are inadequate to determine conclusively
whether polyolefin fibers are fibrogenic. However, they seem to
suggest a low fibrogenic potential for polyolefin microfibers.

In summary, available studies do not provide adequate data
for a definitive assessment of potential health effects in humans
exposed to polyolefin fibers by inhalation. However, the
inhalation of polyolefin fibers or pulp may pose little or no
health hazard because they are generally not respirable and would
not be expected to produce lung diseases even if the material has
some intrinsic activity. On the other hand, a possible health
hazard potential may exist for polyolefin microfibers since they
may be respirable. Additional animal testing is therefore
recommehded for polyolefin microfibers. Because of a low concern
for the potential health effects of polyolefin‘fibers and pulps,

further animal testing is not recommended at the present time.
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I. Introduction

Human exposure to airborne asbestos fibers including
amosite, chrysotile, and crocidolite has been associated with the
development of malignant (e.g. lung cancer, mesothelioma) and
nonmalignant (e.g. interstitial pulmonary fibrosis, also known as
asbestosis) diseases. These diseases have also been induced
experimentally in laboratory animals exposed to asbestos. As a
result, concern has risen with the increasing development and use
of other respirable fibrous substances. Nonasbestos fibers have
come under considerable investigation primarily because they
possess some asbestos-like characteristics (e.g. fiberlike
morphology, dimensional range, durability) suspected to be
important factors in the initiating of diseases. The objective
of this report is to assess the human health effects associated
with exposure to nonasbestos fibers and to evaluate the
hypothesis that nonasbestos fibers may induce asbestos-like
diseases.

The fibers under review comprise three categories: man-made
mineral fibers (fibrous glass, mineral wool, ceramic fibers),
naturally occurring fibers (erionite, attapulgite, wéllastonite),
and synthetic fibers (aramid fibers, carbon fibers, polyolefin
fibers). These fibers were selected because of one or more of
the following reasons: 1) they are commercially important;

2) they are considered potential asbestos substitutes; 3) they
represent fiber types with broadly different physical and
chemical characteristics; and 4) some health data are available

on them.
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This document reviews available data on pulmonary
deposition, clearance and retention, in vivo toxicity, and in
vitro biological activity of each of the nine fibrous materials.
It also assesses the human health ;ffects, primarily the
potential development of malignant and nonmalignant respiratory
diseases associated with inhalation exposure to each fiber, based
on the combined available epidemiological and experimental
evidence. Finally, it determines the adequacy of data for each
of these fibers and makes testing recommendations to fill data
gaps. A detailed review of the key epidemiological studies on
the health effects posed by most of these fibers is presented in
a separate document by Battelle (1988). Summaries and
conclusions regarding human data have been derived from this
report and are used in the overall hazard assessment of each
fiber. The assessment of the carcinogenicity of fibers in humans
is based on the U.S. EPA classification system for categorizing
overall weight-of-evidence for carcinogenicity from human,
animal, and supporting data (USEPA, 1986).

The last section of the document discusses overall findings
about the whole fiber category and briefly evaluates the role of
physicochemical properties of fibers in‘relation to biological

activity and pathogenicity.

II. Man-Made Mineral Fibers (MMMF)

MMMF comprise three groups: fibrous glass, mineral wool,
and ceramic fibers. MMMF have glassy structures rather than

crystalline. Their length and diameter distribution differ
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considerably and are dependent on the method of production and
the chemical composition. 1In general, commercially produced MMMF
are much coarser than asbestos fibers, although specialized
samples have been produced w}th dimensions similar to those of
asbestos. MMMF are usually coated with binding materials to
produce fabricated shapes and forms. MMMF are monofilamentous,
and thus do not split longitudinally into thinner fibrils, but
may break transversely into shorter segments (NRC, 1984). Based
on available data, the health effects of MMMF appear to vary

substantially.

I1.1. Fibrous Glass

Fibrous glass is made by forcing molten glass through an
orifice, followed by air, steam, or flame attenuation. There are
three major classes of fibrous glass: wool, textile, and
special-purpose fibers. Glass wool fibers comprise approximately
90 percent of the total fibrous glass production and their major
use is in thermal and acoustical insulation. They are typically
3-10 pm diameter but may range from 1-25 Fm diameter, and
therefore, may generate respirable airborne fibers. Textile
fibers or continuous glass filament whiéh account for 5-10
percent of the total fibrous glass are used in the manufacture of
textile products and as reinforcements in plastics, rubber and
paper. Textile fibers are, in general, nonrespirable because
they have fairly large diameters with nominalidiameters ranging
from 6-~15 jme. Special-purpose fibers with small diameters,

representing less than 1 percent of fibrous glass production, are
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manufactured for certain highly specialized uses in thermal
insulation in aerospace vehicles and filter materials. This
group includes fine fibers which have nominal diameters of 1-3 Jpm

and very fine glass fibers (or microfibers) with diameters less

than 1 pm. These fibers are highly respirable (NRC, 1984).

IT.1.1. Fiber Deposition, Clearance and Retention

Available information regarding the inhalation, deposition,
and clearance of glass fibers is fairly limited. The results of
available studies suggest that fiber dimension is the most
important factor in the deposition and elimination of glass
fibers. Coarse glass fibers thicker than 1.5 um are likely to be
deposited mainly in the upper respiratory tract (nasopharyngeal
and tracheobronchial regions) and would have little chance for
alveolar deposition. Further, longer fibers (>10 um) are less
able to penetrate the alveolar region of the lung. Like other
fibrous particles, glass fibers are probably eliminated rapidly
from the upper airway via mucociliary clearance whereas fibers
deposited in the alveolar space appear to be cleared more slowly,
primarily by phagocytosis and to a lesser extent via
translocation and possibly by dissolutién. Short fibers (<5 pm)
are believed to be removed mainly by macrophage uptake whereas
longer fibers may be cleared at a slower rate by dissolution. 1In
general, short fibers are cleared more rapidly than longer
fibers, suggesting that fiber per fiber, short fibers are less

likely to pose a toxicological concern.
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The regional deposition of inhaled glass fibers has been
studied by Morgan et al. (1980) and Morgan and Holmes (1984a).
In these studies, rats were exposed for several hours by
inhalation (no;e~only) to glass fibers of different diameters
(1.5 um or 3 pm) and lengths (5, 10, 30 or 60 um). The results
of these studies showed that for fibers with 1.5 jm diameter and
longer than 10 pm, fiber deposition in the lower respiratory
tract and alveolar region was low and decreased with increasing
fiber length. Moreover, alveolar deposition of thicker fibers (3
Pm) was about one third of that of fibers of 1.5 jam diameter of
similar lengths. These results, together with the previously
reported data on other asbestiform mineral fibers (Morgan, 1979),
indicated that alveolar deposition of fibers in the rat was
optimal with an aerodynamics diameter of 2 Pm, which is
equivalent to an actual fiber diameter of approximately 0.5 pm.
Available data also demonstrated that in general, increasing
fiber length decreases the proportion of inhaled fibers deposited
in the alveolar region (Harris and Timbrell, 1977; Harris and
Fraser, 1976).

Immediately following deposition, there is a rapid decline
in the lung content of glass fibers. Griffis et al. (1981)
reported that 41-48 percent of lung burden of glass fibers in
rats was cleared between daily exposures. The initial decline
presumably represents early clearance from the upper respiratory
airways, with a half time of less than one day. Fibers deposited
in the upper airways are cleared by mucociliary activity which

transports the fibers toward the oralpharynx. Fibers are then
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swallowed, passed into the gastrointestinal tract and excreted
into the feces. It has been shown that dogs excreted
approximately 77 percent of the initial total burden of glass
fibers within 4 days after inhalation exposure (Griffis et al.,
1983). Similarily, in the rat, more than 95 percent of the total
burden of glass fibers was associated with the gastrointestinal
tract following a 2-hour exposure (nose-only), which was all
excreted in the feces two days later (Morgan et al., 1980).

The elimination of fibers from the alveolar region is much
slower than those in the upper airways via mucociliary
clearance. The half time alveolar clearance of "TEL" glass
fibers in the rat was reported to be approximately 44 days
(Friedberg and Ullmer, 1984). Short fibers appeared to be
cleared more efficientiy than longer fibers. Morgan et al.
(1982) showed that in the rat, more than 80 percent of glass
fibers less than 5 um in length were cleared by one year
following intratracheal instillation whereas no significant
clearance of fibers greater than 10 um length could be detected
over the same period. Bellmann et al. (1986) also found that
short glass fibers (<5 um) cleared faster than longer fibers (35
Pm) from the rat lung following intratracheal dosing. This
study, however, showed that long glass fibers do clear from the
lung while long crocidolite asbestos fibers (>5 Fm) apparently do
not clear from the rat lung over one year. On the other hand,
long chrysotile asbestos fibers appear to split into fibrils as
reflected by the observed increase in the number of fibers over a

6~month period.
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Fibers are cleared from the alveolar region by a variety of
mechanisms. The major pathway involves the removal of fibers by
macrophage uptake. It is believed that fiber-laden macrophages
(éust cells) move to the terminal bronchioles and are transported
by the mucociliary system to the upper respiratory tract. These
dust cells could then be swallowed. It would appear that the
difference in the lung clearance between short and long fibers
could be due to the fact that short fibers of less than 5 pm are
efficiently removed by phagocytosis whereas the macrophage-
mediated clearance is ineffective for fibers longer than 10 pm,
due to the inability of macrophages to completely enguif the
longer fibers (Bernstein et al., 1980; 1984; Morgan et al., 1982;
Morgan and Holmes, 1984a).

The second pathway of fiber clearance from the alveoli
involves the lymphatic system. Fibrous particles in the alveolar
space are removed, either by macrophages or by themselves via an
unknown mechanism, to the lymph nodes. The fate of the fibers in
the lymph nodes is not known although they may escape the lymph
nodes and enter the lymphatic and blood circulation, and may
migrate to other tissues. There are few data available regarding
the translocation of glass fibers. Glass fibers were found in
the tracheobronchial and mediastinal lymph nodes of animals at
different time periods after exposure to the mineral dusts by
inhalation or intratracheal instillation (Lee et al., 1981;
Bernstein et al., 1980, 1984; Wright and Kuschner, 1977).
Furthermore, it appears that short fibers are more readily

transported to the lymph nodes than longer fibers. In the study
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by Morgan et al. (1982), measurements of the fiber content of the
hilar lymph nodes of rats killed after one year following
intratracheal instillation showed that approximately 4 percent of
5 um glass fibers had been transferred from the lung to the lymph
nodes. Smaller proportions of the 10 um and 30 um fibers had
been transported and no 60 um fibers were detected. With regard
to the translocation of fibers to other organ tissues, only
minimal amounts of glass fibers were found in the liver, spleen,
and blood of animals exposed to the fibrous dust by inhalation
(Lee et al., 1979, Griffis et al., 1983). Glass fibers were also
detected in the spleen of rats after 2 years following
intratracheal instillation. Further, Monchaux et al. (1982)
reported recovery of fibers from all organs (blood, liver,
kidney, brain) at 90 days after intrapleural injection of glass
microfibers. However, increased pressure caused by this method
of administration may have been partly responsible for these
results.

It has been suggested that fibrous particles may also be
cleared by dissolution. For glass fibers, the suggested evidence
comes from morphological observations showing limited breakage
and etching of the fibers retained over a long period following
dosing, and chemical analysis of the recoverd fibers showing some
changes of elemental composition (Johnson et al., 1984a; Le
Bouffant et al., 1984; Spurny et al., 1983). These processes
would result in shorter, thinner fragments which then could be
cleared more efficiently by phagocytosis. The solubility of

glass fibers in lung tissues appears to be dependent on fiber
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size. In studies with rats, longer glass fibers dissolved more
rapidly than shorter ones (Morgan et al., 1982; Morgan and Holmes
1984a; Bernstein et al., 1980, 1984). It has been suggested that
the dependency of dissolution on fiber length may be due to
differences in the intracellular and extracellular pH. The
shorter fibers within macrophages are exposed to a lower pH of
7.17, while those outside are exposed to a higher extracellular
pH of 7.4 (Morgan and Holmes, 1984a).

The solubility of glass fibers in lung tissues and in
physiological fluids has been shown to be greater than that of
amphibole fibers but may be similar or less then chrysotile
(Forster, 1984; Spurny, 1983a; Spurny et al., 1983). The results
of other in vitro studies also indicate that glass fibers have
marked solubility rates in physiological fluids (Griffis et al,
1981; Leineweber, 1984; Klingholz and Steinkopf, 1984). Glass
fibers of fine diameters degraded more rapidly than coarser ones
(Spurny et al., 1983; Forster, 1984). Futhermore, the
dissolution of long glass fibers (50 pm) in saline was much
faster than that of short fibers (5 Pm). These results indicate
that the in vitro dissolution rate of glass fibers is
proportional to the surface area of the.fibers (Leineweber,

1984).

IT.1.2 Effects on Experimental Animals

Fibrous glass has been extensively tested in laboratory
animals for the ability to induce lung tumor, mesothelioma, and

fibrosis. Information on the design and results of available
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animal studies on glass fibers is summarized in Table 1

(pages 215-229). Such investigations have been conducted by
several routes of exposure including inhalation, intratracheal
instillation, intrapleural injection/implantation, and
intraperitoneal injection. Animal exposure by inhalation
represents the most relevant method for the assessment of risks
to man. However, because of the technical difficulties and high
costs, fewer long-term inhalation studies have been conducted in
comparison with studies using the injection or implantation
method which are more sensitive and generally more

reproducible. Injection studies are of value in screening the
test fiber for carcinogenicity and providing useful information
regarding the intrinsic biological activity and carcinogenicity

of the test fiber.

ITI.1.2.1 Oncogenicity

None of the available long-term studies have provided
evidence of pulmonary or mesothelial carcinogenicity in animals
exposed to fine glass fibers, glass microfibers  or larger
diameter glass fibers (e.g., glass wool) by inhalation. 1In
contrast, many studies involving intrapleural or intraperitoneal
administration of these fibers to animals have resulted in
increases in mesothelioma of the pleura or peritoneum,
respectively. In addition, two of several intratracheal instil-
lation studies on glass microfibers also reported tumor induction
with both lung tumors and mesothelioma in hamsters and lung

tumors alone in the rat. By using the intrapleural implantation
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method, Stanton and coworkers demonstrated that glass fibers less
than 0.25 um diameter and greater than 8 Jm length have
carcinogenic potential equal to that of ashestos fibers of
similar size distribution. Other investigators also found that
long, thin glass fibers are highly carcinogenic by the injection

routes of exposure but are less effective than asbestos.

I1.1.2.1.1 inhalation Studies

The earliest studies with fibrous glass were those by
Schepers and coworkers (Schepers and Delahunt, 1955; Schepers,
1955; Schepers, 195%9a; Schepers, 1959b; Schepers, 1961) which
were summarized in a final report in 1976 (Schepers, 1976). 1In
one series of experiments, guinea pigs and rats were exposed to
fairly iarge diameter glass wool fibers (average diameter close
to 5 Pm) at an average mass concentration of 0.145 mg/m3 for
44 months, and at 0.03 mg/m3 for 28 months, respectively. 1In
another series of studies, guinea pigs, rabbits, rats, and
monkeys were exposed tq dust from two types of glass fiber
reinforced plastics at either 3.8 mg/m3 or 4.6 mg/m3 for various
time periods ranging from 8-24 months. No pulmonary tumors were
reported in any exposed group. These sﬁudies, however, were
inadequate to determine whether the fibrous products tested were
carcinogenic in animals by inhalation due to 1) extremely low
levels of fiber exposure, particularly for glass wool;

2) insufficient information on fiber size distribution in the
dust cloud; and 3) poor survival of treated and unexposed

animals.
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Gross et al. (Gross et al., 1970; Gross, 1976) reported
studies in which rats and hamsters were exposed for 2 years to a
very high concentration of uncoated glass fibers (135 mg/m3),
glass fibers coated with a phenol-formaldehyde resin (10% mg/m3),
or glass fibers coated with a starch binder (113 mg/m3). All
three types of glass fibers in the dust cloud had an average
diameter of 0.5 ym and an average length of about 10 um. None of
the rats or hamsters exposed to any of the fiberglass products
developed lung or pleural tumors. However, it is not clear
whether there was a sufficient number of animals at risk from
late developing tumors due to a small number of animals and
apparent poor survival of exposed animals. The survival pattern
of unexposed control animals was not available for comparison.

Morrison et al. (1981) reported that 5 of 12 male A-strain
mice developed bronchogenic or sep